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Production of perennial bioenergy crops on farmland that is suboptimal for food crops 
has been suggested for ecosystem services such as mitigating greenhouse gas emissions and 
reducing nutrient loss while producing sustainable bioenergy feedstocks. Even though we 
understand the relationship between N fertilization and energy crop biomass production, our 
understanding of the interaction between the soil N cycle and bioenergy crop production is 
limited. The objective of this study was to determine the effects of perennial energy crop 
management practices, including grass species (switchgrass, prairie cordgrass, Miscanthus x 
giganteus, and a grass mixture), harvest timing (at anthesis and after a killing frost), and N 
application rate (0, 56, and 112 kg N ha
-1
) on soil functional microbial communities involved in 
the N cycle on a wet marginal riparian buffer. We investigated the abundances of genes encoding 
the enzymes of N cycling functional groups involved in ammonia oxidation (amoA), nitrite 
ammonification (nrfA), denitrification (nirK, nirS, norB, and nosZ), and N fixation (nifH). The 
results indicated that N application significantly affected the abundance of four different 
functional enzyme groups. The abundance of bacterial amoA (AOB) increased as N fertilization 
increased, thereby increasing the proportion of AOB compared to archaeal amoA (AOA). The 
nitrite reductase genes, nrfA and nirS, were more abundant in the plots with 56 kg N ha
-1
 applied; 
however, the nirK nitrite reductase, the same functional gene as nirS, did not differ across N 
applications. Overall, AOA, nrfA, and norB were correlated with each other as were AOB, nirK, 
and nosZ. Our data implies that management practices of perennial grasses, especially N 
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Nitrogen (N) is essential for all living organisms since most organic molecules require N. 
Nitrogen makes up amino acids and proteins, and enzymes are chains of amino acids. Also, DNA 
needs nitrogenous bases for its structure. Therefore, N is an important part of organic matter, and 
plants need to obtain N for growth, development, and reproduction. As N is one of the 
fundamental elements for the development of agricultural crops, N dynamics are key to plant N 
availability, specifically regarding the natural and anthropogenic N fixation (Galloway et al., 
1994; Vitousek et al., 1997).  
Conventional cropping systems have heavily relied on N fertilizer since N is the major 
limiting nutrient in agricultural crops (Vitousek et al., 1997). Nitrogen fertilization for increased 
agricultural productivity has affected the global N cycle by increasing N input into the soil 
(Berendse et al., 1993; Morris, 2007). The N cycle has two major processes, N retention in the 
soil and N loss from the soil, and high N-use efficiency of plants reduces N loss by decreasing 
denitrification and leaching (Delwiche, 1970; Cabello et al., 2004). Therefore, understanding the 
N cycle in agricultural fields will help improve nitrogen-utilization best management practices 
by minimizing losses of applied N. 
Improving sustainable agriculture has become a global goal for integration of a healthy 
environment, economic profitability, and social and economic equity, but excessive fertilization 
has deteriorated soil health and polluted water and nutrient runoff and leaching is a big concern 
in agricultural systems. Since there is a limited amount of available N in the soil, biological N 
fixation and mineralization of organic matters can be a source of N in sustainable agriculture 
while minimizing fertilization. Nitrogen fixation and mineralization of soil N is conducted by 
2 
 
soil microorganisms, so microbes play a key role in sustainable agriculture by influencing 
efficiency of the nitrogen cycle. 
Optimizing N fertilizer application is one of the long-term approaches to promoting 
sustainable agriculture and improving the environment. In general, soil microbial communities 
perform the central biogeochemical processes in N turnover, because the N cycle is processed by 
microbes involved in N fixation, nitrification, denitrification, assimilation, and mineralization. 
The N-fixing bacteria community converts atmospheric N (N2) to ammonium (NH4
+
), which is 
an available N form to plants (Hennecke et al., 1985). Cyanobacteria and actinomycetes 
contribute to fixing atmospheric N to usable form by plants, so these bacterial microorganisms 
accomplish the natural N fixation (Young, 1992). These bacteria share the nifH which encodes 
the Fe protein subunit in the nitrogenase (Poly et al., 2001). Keymer and Kent (2014) analyzed 
the nifH gene and estimated plant N of Miscanthus x giganteus obtained from N fixation. 
Moreover, Li et al. (2016) detected distinct diazotroph assemblages from different study sites of 
Miscanthus x giganteus by quantifying nifH gene.  
When ammonia is formed from the N fixation and mineralization of fertilizer and soil 
organic matter, nitrification can occur. Ammonia can be oxidized to nitrite and nitrate by 
nitrifiers. Ammonia monooxygenase (amoA) converts ammonia to hydroxylamine, so it is the 
first step of nitrification (Hollocher et al., 1981). Autotrophic archaeal and bacterial ammonia 
oxidizers (AOA, AOB) convert ammonia to nitrite in the process of nitrification (Prosser & 
Nicol, 2012). Therefore, AOB and AOA have been targeted to investigate nitrification. Nitrite 
can be oxidized to nitrate by nitrite oxidoreductase and nitrate is used by plants.  
Denitrification occurs when there is not enough oxygen, so facultative anaerobic 
microorganisms are involved in the process. The denitrifying pathway reduces soluble N to 
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gaseous forms, and it contributes to the release of the greenhouse gas N2O (Conrad, 1996). The 
denitrifying nitrite reductase (nirK, nirS) gene encodes the key enzyme converting nitrite to nitric 
oxide. Nitric oxide can be reduced to nitrous oxide by nitric oxide reductase (norB), and nitrous 
oxide is known as a powerful greenhouse gas. Microbial processes that produce nitrous oxide 
have greatly contributed to adding this potential greenhouse gas to the atmosphere (Conrad, 
1996). The nitrous oxide reductase (nosZ) converts this harmful gas to the stable N gas (N2), so it 
is the last step of denitrification. Because denitrification leads to N removal from the agricultural 
system, the process of N retention has received attention recently. Nitrite ammonification is one 
of the ways to promote N retention in soils by decreasing denitrification (Silver et al., 2005). The 
nitrite reductase (nrfA) reduces nitrite to ammonium and promotes N retention in the soil. 
Therefore, soil microbial communities are controlling the N cycle by driving N loss and 
promoting N retention. Thus, identifying N cycling microorganisms is essential for a 
comprehensive understanding of N cycle dynamics in soil. 
Perennial grass crops are known for providing various ecosystem services, such as 
mitigating greenhouse gas emissions and reducing nutrient runoff and leaching (Samson et al., 
2008; Smith et al., 2013). Because perennial grasses have a massive root system, they can store 
large amounts of carbon belowground (Post and Kwon, 2000). Moreover, perennial filter strips 
can function as a buffer between crop land and a body of water. Perennial grass vegetation and 
root systems grown on buffer strips at the edge of croplands can intercept nutrients from surface 
runoff and leachate and prevent the nutrients from reaching the body of water (Gopalakrishnan, 
2009). Perennial grasses also have much more effective N recovery potential than row crops, 
because perennial plants undergo nutrient re-translocation (Anex et al., 2007). Consequently, 
perennial crops require less fertilizer and prevent N loss, which is one of the biggest concerns to 
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the environment (Robertson et al., 2011). Moreover, low N application in biomass production of 
perennial grasses can reduce N2O emissions, which has an impact on the greenhouse effect 296 
times as great as that of CO2 (Randall et al., 1997; IPCC, 2001; Barton et al., 2010).  
Some studies have shown the impacts of N application, timing of harvesting, and 
different grass species composition and diversity on bioenergy feedstock yield (Palmborg et al., 
2005; Anderson et al., 2016; Lee et al., 2017). Although the potential of N uptake from the soil 
to aboveground biomass have been sufficiently explored (Kering et al., 2012; Reynolds et al., 
2000), few studies have investigated the function of N-cycling microorganisms in perennial 
cropping systems (Mao et al., 2013; Keymer and Kent, 2014) 
Warm-season grasses such as switchgrass (Panicum virgatum L.), prairie cordgrass 
(Spartina pectinate Link), and Miscanthus x giganteus have been considered as potential sources 
of biofuel. Miscanthus is used as a commercial energy crop in European countries since it 
requires low input and maintenance with high nutrient-use efficiency and nutrient recycling 
potential (Lewandowski et al., 2000). Switchgrass is known as a model bioenergy crop with high 
tolerance to drought and heat (Knapp, 1985) and prairie cordgrass has attracted potential energy 
crops (Boe and Lee, 2007). These perennial grasses provide not just high yield with low cost, but 
multi-functionality as well. As perennial grasses have a great capacity to hold nutrients, they are 
known to possess high N-use efficiency (Vázquez and Berendse, 1997). Plant growth and N-use 
efficiency under the perennial cropping system has been explored by investigating aboveground 
biomass, but the microbial communities in the perennial system has not been widely 
investigated. However, it is essential to understand the interactions between perennial grasses 
and microbes in order to enhance sustainable production of bioenergy feedstock since soil 
microorganisms are the primary driving agents of the nitrogen cycle. 
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Different plant species contribute to building up significantly distinct microbial 
communities, because soil microbial communities can be affected when aboveground vegetation 
provides soil resources in the form of root exudates (Grayston et al., 1998; Kowalchuk et al., 
2002; Kourtev et al., 2003; Wardle et al., 2004; Prosser, 2007; Li et al., 2016). For example, 
Kardol et al. (2007) and Mao et al. (2013) found that perennial grasses had a much larger 
population size of N-fixing bacteria than maize. In addition, N fertilizer has been reported to 
have a significant impact on the community size of N-cycling microorganisms involved in N 
fixation, nitrification and denitrification (Enwall et al., 2005; Dambreville et al., 2006; Wakelin 
et al., 2006; Shen et al., 2008).  
The interaction between agronomic management practices in bioenergy feedstock 
production and the soil microbial ecosystem is not fully understood. Thus, the objective of this 
study was to examine the abundance of soil N cycling microbial communities under the 
perennial energy feedstock production. We hypothesize that the agronomic management 
combinations of species, N fertilization, and harvest timing in perennial cropping systems result 
in different abundances of functional microbe populations. Based on a molecular analysis, 
bacterial genes were quantified by real-time PCR to test our hypothesis. The approach was aimed 
at the full-cycle of N dynamics with eight target genes encoding N fixation, nitrification, and 








MATERIALS AND METHODS 
 
Sample collection 
The study site was located near the Energy Biosciences Institute Energy Farm in Urbana, 
Illinois (40° 04’ N, 88° 13’ W) on Drummer silty clay loam. The plots were established in 2012, 
and the experimental design was a randomized complete block with a split-split arrangement by 
four replications. Harvest timing was a whole plot factor (peak standing crop at anthesis, PSC, 
and the end of the growing season, EGS, known as after killing frost), grass species was a 
subplot factor (325 PLS/m
2
; Bio Switch (switchgrass, SW), IL 102 (prairie cordgrass, PCG), 
Miscanthus x giganteus (MG) and a grass mixture (comprised of big bluestem, Indiangrass and 
side-oats grama, Mix)). Nitrogen rates, applied annually in the spring using urea (46-0-0), were 
the sub-subplot factors (0, 56, and 112 kg N ha
-1
). Therefore, a total of 96 plots (5.2 m
2
; 4 species 
x 2 harvest timings x 3 nitrogen concentrations x 4 replications) were established. Bulk soil 
samples were collected after biomass harvest (19 Nov 2016). Three soil cores (0-15 cm depth, 
1.8 cm diameters) were collected with a hand-held push probe from each plot. Three cores were 
combined and mixed in a sealed plastic bag and then subsampled into a 50 ml tube. These 
subsamples were stored at -80 °C right after collection prior to DNA extraction for molecular 





) and ammonium (NH4
+
) 
The EPA method (SW-846 3051A) was adapted to determine nitrate and ammonium 
concentrations in the soil. The first step was adding 5.0 ml of hydrochloric acid and 2.5 ml of 
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nitric acid (6 N) to 0.2 g of soil sample and the mixture was microwaved for 30 min at 102 °C. 
After adding 50 ml of DI water, the solution was filtered and ICP-MS was used to determine 
nitrate and ammonium concentrations.  
 
DNA extraction and purification 
Soil samples were freeze-dried and ground by hand using sterile mortars and pestles. 
Genomic DNA was extracted from 0.3 g of soil by using the FastDNA SPIN Kit for Soil (MP 
Biomedicals, Solon, OH) according to the manufacturer’s protocol. Extracted DNA was purified 
with 10% cetyl trimethyl ammonium bromide (CTAB) and 0.7M NaCl incubated at 65 °C for 15 
min. A 24:1 chloroform : isoamyl alcohol extraction removed the CTAB and humic acid 
contaminants, and then the DNA was precipitated with ethanol and resuspended in TE buffer. 
DNA concentrations were determined with Qubit Fluorometric Quantitation (ThermoFisher, 
Waltham, MA). Each sample was diluted to 10 ng ul
-1 
and stored in a -20 °C freezer.  
 
Fluidigm qPCR  
Real-time PCR was used to quantify the abundance of genes encoding the key enzymes 
involved in N cycling. The ammonia-oxidizing community was investigated by targeting the 
bacterial and archaeal ammonia monooxygenase enzymes (amoA), designated as AOB and AOA 
respectively, and nitrite ammonification was examined by nitrite reductase (nrfA). The 
denitrification pathway was explored by nitrite reductase (nirS, nirK), nitric oxide reductase 
(norB), and nitrous oxide reductase (nosZ). Nitrogen reductase (nifH) was targeted to quantify N 
fixation (TABLE 1; FIG. 1). Specific target amplification was conducted with the reagent 
containing 2.5 ul of 2X Taqman PreAmp Master Mix (Thermo Fisher), 0.5 ul of each primer, 
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0.75 ul of water, and 1.25 ul of the DNA template. The PCR reaction was processed on the MJ 
Tetrad thermocycler with 95 °C for 10 min followed by 14 cycles of 95 °C for 15 sec and 60 °C 
for 4 min. Sample-derived standards (Chen et al., 2007) for absolute quantification of each gene 
were produced by PCR amplification from a subset of sample DNA extracts; the PCR products 
were purified by gel extraction, quantified by the Qubit Flurometric method, and 5-fold diluted 
from 10
6 
to 32 copies ul
-1
. 
For fluidigm qPCR premix, 2.5 ul of 2X SsoFast Evagreen Supermix with Low Rox 
(BioRad), 0.25 ul of 20X DNA Binding Dye Sample Loading Reagent (Fluidigm), and 2.25 ul of 
Exo I treated sample were prepared, and for the assay mix, 2.5 ul of 2X Assay Loading Reagent 
(Fluidigm), 2.25 ul of 1X DNA Suspension Buffer (Teknova), and 0.25 ul of 100uM each mixed 
forward and reverse primer were used. The premix and assay mix were loaded on a Fluidigm 
96.96. Target genes were amplified on the Fluidigm Biomark HD Real Time PCR system at 70 
°C for 40 min, 60 °C for 30 sec, 95 °C for 1 min followed by 30 cycles of 96 °C for 5 sec, 60 °C 
for 20 sec, and followed by dissociation curve. All samples and standards were analyzed with 12 
replicates and Fluidigm Real Time PCR analysis software was used. 
 
Statistical analysis 
Data were analyzed by analysis of variance using SAS software (SAS Institute, 2012. 
The SAS System for windows, Version 9.4. SAS Inc., Cary, NC, USA). PROC MIXED 
procedure was conducted and the statistical significance of analysis of variance was set at 
α=0.05. The code was based on split-split plot designs, and harvest timing, grass species, and 
urea N rate were considered as fixed variables while block as a random variable. Tukey’s test 
was applied for the post hoc mean separation tests. Normality of the residuals was checked by 
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Shapiro-Wilk test at α=0.01, and the homogeneity of the variances was checked by Brown and 
Forsythe’s test at α=0.05. If the requirements were not met, data were transformed with a log or 



























) and ammonium (NH4
+
) levels in the rhizosphere 
Nitrate concentrations had significant two-way interactions: harvest timing by species 
and species by nitrogen (FIG. 2. A&B). Harvest timing by species was significant because the 
PSC nitrate rate for M. x giganteus was higher than the EGS, which is opposite compared to the 
other three species (FIG. 2. A). Species by nitrogen was significant due to the response of the 
grass mixture to nitrogen; compared to others, the grass mixture showed the highest nitrate level 
at 112 kg N ha
-1 
(FIG. 2. B). Ammonium concentrations were significantly affected by species 
and M. x giganteus had a relatively lower level of ammonium compared to other species (FIG. 2. 
C). 
 
Abundance of functional genes involved in nitrogen cycling 
Nitrogen application had strong effects on the AOB, nrfA, nirS and nifH abundance and 
the patterns in different nitrogen application rates were distinguished each other (TABLE 2). 
There was a strong response of AOB to nitrogen application, and there was significantly higher 
AOB abundances in the plots with 112 kg N ha
-1
 applied (FIG. 3. A). Both nrfA and nirS gene 
abundances were highest with 56 kg N ha
-1
 application as compared to the other two nitrogen 
treatments (FIG. 3. A). The population size of nifH was smallest under the highest nitrogen 
application rate, which was significantly different than the population size at 0 and 56 kg N ha
-1
 
application (FIG. 3. A). Archaeal amoA was the only gene which showed a significant three-way 
interaction (TABLE 2). There was no significant difference in gene abundance under harvest 




Correlation between soil properties and functional genes 
There was only one significant correlation between soil nitrogen and the abundance of a 
functional gene, which was a modest positive correlation between ammonium and nrfA (TABLE 
3). However, 17 out of 28 functional gene pairs showed significant correlations among the eight 
target genes (TABLE 3). Two major groups were clustered from the resulting correlations. One 
was composed of AOA, nrfA, and norB, and the other was AOB, nirK, and nosZ, and these two 




















Our results showed that the abundance of four functional gene groups was affected by the 
different rates of nitrogen application (TABLE 2). Bacterial amoA and nifH responded 
differently with N application. Bacterial amoA became abundant with nitrogen application while 
the nifH population was greater without nitrogen application (FIG. 3. A), which correlated well 
with the results of other studies (Hai et al., 2009; Su et al., 2015). This indicates that a supply of 
ammonium accelerates the population of AOB, which are autotrophic consumers of ammonium, 
and conversely lessens that of nifH since the presence of ammonium in the soil can restrict the 
growth of free-living N-fixing bacteria (Tsagou et al., 2003). Both nrfA and nirS microorganisms 
had significantly larger populations at 56 kg N ha
-1
 application than 112 kg N ha
-1
 (FIG. 3. A). It 
is generally known that nitrogen fertilizers promote denitrification (Mulvaney et al., 1997), but 
this idea did not correspond to our result of gene abundance. The abundance of nirS in 
accordance with nitrogen rates did not correspond to other studies which showed increases of the 
population with more nitrogen application (Hai et al., 2009; Su et al., 2015). However, Haase et 
al. (2008) concluded that there was no significant effect of N supply on the abundance of nirS, 
and other papers reported that N application decreased the population of nirS (Hallin et al., 2009; 
Yin et al., 2014). A similar response to nirS was shown in nrfA with nitrogen application, but 
there were a lack of studies regarding the relationship between nitrogen application and nrfA. Su 




Surprisingly, there was no significant effect of harvest timing and grass species (TABLE 
2; FIG. 3. B&C). However, it is worth noting the consistent pattern in all 8 target genes that their 
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populations were larger in EGS than PSC (FIG. 3. B). This was an expected pattern because 
aboveground vegetation is maintained for a longer time in EGS than in PSC. It can be assumed 
that microorganisms in an EGS plot have more interaction with the plants, and this would 
promote the population of the microbial community. Even though there were no significant 
effects of harvest timing, this may be due to the split-split plot design which has bigger error 
terms to whole plot factor. 
 
Ammonia monooxygenase: AOB & AOA 
Bacterial amoA showed a significant response to urea application (TABLE 2), and this 
suggests active nitrification of bacterial amoA with greater nitrogen supply (FIG. 3. A). In 
contrast, AOA was not affected by nitrogen application (TABLE 2). This result is consistent with 
the other studies that concluded AOA is more stable and less sensitive to environmental 
variances than AOB (Santoro et al., 2008; Hai et al., 2009). These traits of AOB and AOA 
showed a certain ratio pattern between them. Without nitrogen application, the population of 
AOA was predominant over AOB, so AOA/AOB ratios among species ranged from 1.9 to 2.2 
except for prairie cordgrass which was 0.74 (FIG. 4. A). On the other hand, with 112 kg N ha
-1
, 
AOA/AOB ratio among all 4 species ranged from 0.42 to 0.67 (FIG. 4. B). This result was in 
accordance with previous studies (Bru et al., 2011; Mao et al., 2013).  
 
Nitrite reductase: nirK & nirS 
Like the relation between AOB and AOA, nirK and nirS showed different responses to 
treatments, although they have the same function in nitrite reduction (FIG. 3. A). As AOA did 
not differently respond to varied nitrogen applications, nirK was not sensitive to environmental 
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variations, which had similar population among the different treatments (TABLE 2). On the 
other hand, nirS was strongly influenced by the treatments (TABLE 2). The population of nirS 
was larger in all treatment combinations compared to nirK, except for one out of 24 
combinations, which was 112 kg N ha
-1
 in PCG with PSC plot. While some previous studies 
found that nirK was sensitive to different fertilizer treatments (Hai et al., 2009; Chen et al., 
2010), our results are in agreement with other studies that found nirK to be less responsive (Yin 
et al., 2014; Su et al., 2015). The conclusions from individual studies are considered because 
nirK and nirS are different genes in terms of structure and prosthetic metal. While nirK encodes 
a copper nitrite reductase, nirS encode cytochrome cd1-nitrite reductase (Zumft, 1997). These 
two types of nitrite reductase have been reported to show diversity in various environments 
(Braker et al., 2000; Prieme et al., 2002; Liu et al., 2003). From our study, we concluded that 
nirS is more abundant and sensitive to different conditions compared to nirK in the perennial 
cropping system. 
 
N oxide reductase: norB & nosZ 
Gaseous nitrogen, nitric oxide (NO) and nitrous oxide (N2O), are the intermediate 
products in the denitrification pathway, and N2O is a potent contributor to global warming 
(Dickinson and Cicerone, 1986; Conrad, 1996). Therefore, functional microbial genes which 
generate gaseous nitrogen products should be clearly understood in order to clarify the process of 
gasification with both qualitative and quantitative insights. However, there have not been studies 
that have identified the relations between the quantities of norB and potential denitrification rates. 
On the contrary, the abundance of nosZ was identified to have a significant correlation with the 
actual denitrification enzyme activity (Hallin et al., 2009; Chen et al., 2012; Su et al., 2015). 
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Since the correlation between the abundance of nirK and nirS and denitrification rate is not 
significant (Hallin et al., 2009; Su et al., 2015), we can assume that the quantitative abundance 
of functional genes might not be a definitive indication of the corresponding enzyme activity. To 
better understand the denitrification mechanisms regarding N2O and N2 fluxes, it is necessary to 
understand the balance of the denitrifier community composition (Cavigelli and Robertson, 
2000). 
 
Correlation between soil properties and functional genes 
Hallin et al. (2009) found positive correlations between AOB, nirK, nirS, and nosZ and 
also between AOA, AOB, nirK, and nirS. We also found that AOB was correlated with nirK, 
nirS, and nosZ and that AOA was correlated with nirS (TABLE 3). Nitrogenase reductase, nifH 
was correlated with AOB, AOA, nirK, nirS, and nosZ, and this suggests that the abundance of N-















In conclusion, this study demonstrates the potential influence of perennial cropping 
practices on the N-cycling microbial community. There were several significant correlations 
among the eight target genes. The results indicate that the developments of each functional 
microbial community were strongly influenced by other functional groups. Specifically, 
nitrification, denitrification, and nitrogen fixation showed significant differences with different 
rates of nitrogen application. Harvest timings also showed definite patterns in the abundance of 
microorganisms, which indicates that longer interaction of soil microbial community and 
aboveground vegetation increases the abundances. Further studies with improved experimental 
design will better show the obvious effects of harvest timings, since our design had a large error 
term due to the split-split plot design. Finally, there is also a need to understand the correlation of 
enzyme activity with the abundance of microbial communities, because we only dealt with the 












TABLES AND FIGURES 
TABLE 1. Target genes and primer sets used in fluidigm qPCR. 
 
Target gene Primer set Reference Target gene Primer set Reference 
AOB amoA-1F Rotthauwe et al., nirS nirSCd3aF Kandeler et al., 
 amoA-2R 1997  nirSR3cd 2006 
AOA CrenamoA23f Nicol et al.,  norB cnorB2F Braker & Tiedje, 
 CrenamoA616r 2008  cnorB6R 2003 
nrfA nfrAF2aw Welsh et al., nosZ nosZ1F Henry et al., 
 nfrAR1 2014  nosZ1R 2006 
nirK nirK876 Henry et al., nifH PolF Poly et al., 
 nirK1040 2004  PolR 2001 
Abbreviations: the bacterial and archaeal ammonia monooxygenase, AOB and AOA; nitrite 
reductase, nrfA; nitrite reductase, nirS and nirK; nitric oxide reductase, norB; nitrous oxide 































   
TABLE 2. Probability values from the analysis of variance for soil properties and the abundance of N-cycling functional groups 
affected by perennial grasses managed for biomass production. 







 AOB AOA nrfA nirK nirS norB nosZ nifH 
Harvest time (HT) 0.2401 0.5551 0.1514 0.4734 0.5084 0.3067 0.1757 0.2932 0.3495 0.4843 
Species (SP) 0.1153 0.0103* 0.1497 0.2768 0.6112 0.3084 0.2398 0.4451 0.2708 0.9549 
HT x SP 0.0216* 0.8085 0.6807 0.6843 0.4281 0.3569 0.2720 0.9480 0.3972 0.2956 
N rate (N) 0.3902 0.4804 0.0007* 0.0971 0.0093* 0.2528 0.0393* 0.1259 0.7550 0.0504* 
HT x N 0.7256 0.9797 0.2837 0.6494 0.8738 0.1007 0.0859 0.3510 0.3410 0.5615 
SP x N 0.0254* 0.6683 0.5463 0.7279 0.5583 0.2329 0.3225 0.5667 0.0573 0.0718 
HT x SP x N 0.1703 0.1701 0.1217 0.0092* 0.0566 0.2825 0.1690 0.1026 0.1468 0.1934 
*P < 0.05 
Abbreviations: the bacterial and archaeal ammonia monooxygenase, AOB and AOA; nitrite reductase, nrfA; nitrite reductase, nirS 





















TABLE 3. Correlation coefficients (r; left) and statistical significance (right) between soil properties and N-cycling microorganisms 






 AOB AOA nrfA nirK nirS norB nosZ nifH 
NO3
-
  NS NS NS NS NS NS NS NS NS 
NH4
+
 0.20  NS NS * NS NS NS NS NS 
AOB -0.08 -0.13  NS NS *** *** NS *** * 
AOA -0.07 0.04 0.01  *** NS * *** NS ** 
nrfA -0.03 0.28 0.06 0.49  NS ** *** NS NS 
nirK -0.12 -0.02 0.72 0.19 0.22  *** NS *** *** 
nirS -0.03 -0.06 0.54 0.24 0.31 0.55  * *** *** 
norB -0.11 0.09 0.03 0.83 0.74 0.15 0.25  NS NS 
nosZ -0.05 -0.01 0.66 0.03 0.09 0.91 0.57 -0.06  *** 
nifH -0.07 -0.02 0.27 0.36 0.22 0.66 0.47 0.21 0.68  
Abbreviations: NS, not significant at P > 0.05, ***P≤0.001, **0.001<P≤0.01, *0.01<P≤0.05; the bacterial and archaeal ammonia 
monooxygenase, AOB and AOA; nitrite reductase, nrfA; nitrite reductase, nirS and nirK; nitric oxide reductase, norB; nitrous oxide 
reductase, nosZ; nitrogenase reductase, nifH. 
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FIGURE 1. A conceptual model for N cycling functional groups including enzyme and 
















FIGURE 2. Concentration of nitrate (NO3
-
) under harvest time by species (HT*SP, A) and 
species by nitrogen rate (SP*N, B) and concentration of ammonium (NH4
+
) under different 
species (C). The lower-case letter ‘a’ and ‘b’ indicate that the significant difference (P<0.05) 
among nitrogen rate. Peak standing crop at anthesis, PSC; end of the growing season, EGS; 
































FIGURE 3. Abundance of functional genes involved in nitrogen cycling per nanogram of DNA 
under different nitrogen rates (A), harvest timings (B), and species (C). The lower case letter ‘a’ 
and ‘b’ indicates the significant difference (P<0.05) among nitrogen rates and NS indicates non-
significant P-values. Peak standing crop at anthesis, PSC; end of the growing season, EGS; 
switchgrass, SW; prairie cordgrass, PCG; Miscanthus x giganteus, MG; grass mixture, Mix; the 
bacterial and archaeal ammonia monooxygenase, AOB and AOA; nitrite reductase, nrfA; nitrite 



































FIGURE 4. AOA/AOB and AOB/AOA ratios under different nitrogen rates across all harvest 
timings. switchgrass, SW; prairie cordgrass, PCG; Miscanthus x giganteus, MG; grass mixture, 
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